The gonad-specific expression of a recently discovered Igf subtype (Igf3) in teleost has indicated the important role of this novel Igf in the reproductive functions of fish. In the present study using zebrafish as the model organism, we have further examined the gene expression patterns and the physiological role of Igf3 in the ovary. The igf3 gene in zebrafish was found to be alternatively spliced into two transcripts, with transcript variant 1 exclusively expressed in the gonads, and transcript variant 2 only expressed during early development. Using specific antibodies developed for zebrafish Igf3, both the Igf3 prepropeptide and the mature peptide forms of Igf3 were found to be predominantly expressed in the zebrafish ovary. Real-time PCR and in situ hybridization revealed that igf3 mRNA is relatively low in the early follicles, but is significantly increased after the mid-vitellogenic stage (midstage III), and is high in the full-grown follicles. In the full-grown follicles, igf3 mRNA was detected mainly in the somatic follicular cells with a low level of expression in the oocytes. Igf3 immunoreactivity was confined to the follicular cells only. The expression of igf3 was significantly up-regulated in both ovarian fragments and isolated follicles upon treatment with human chorionic gonadotropin in dose-and time-dependent manners. Treatment with 8-bromoadenosine 3 0 ,5 0 -cyclic monophosphate or 3-isobutyl-1-methylxanthine also up-regulated the expression of igf3 in full-grown follicles. Incubation of follicles with recombinant zebrafish Igf3 significantly enhanced oocyte maturation in time-, dose-, and stage-dependent manners. The actions of Igf3 could be blocked by cycloheximide, but not by actinomycin D. Taken together, these results support an important role of Igf3 in the ovarian functions of zebrafish, especially in oocyte maturation. cyclic adenosine monophosphate, follicle, human chorionic gonadotropin, Igf3, oocyte maturation, ovary, regulation of gene expression
INTRODUCTION
The insulin-like growth factor (Igf) system regulates a variety of cellular processes, including growth, proliferation, survival, migration, and differentiation [1] . Since the identification of two Igf peptides (Igf1 and Igf2) [2, 3] , increasing attention has been paid to their functions on the ovary. Igf1 and Igf2 have been found to localize in the ovary of a variety of vertebrate species [4] [5] [6] [7] [8] [9] . In addition, the expression of Igf binding proteins and Igf receptors has also been demonstrated in the ovary [10] [11] [12] [13] . Previous studies on the Igf system in the ovary of different species suggested that the regulation of ovarian function by the Igf system is conserved throughout animal evolution [14] [15] [16] [17] [18] [19] [20] .
Previous reports have demonstrated the expression of the Igf system, including the Igf peptides, Igf receptors, and Igf binding proteins in fish gonads. Igf1 mRNA and protein have been demonstrated to be present in the ovary of several fish species, including seabream [4] , tilapia [21] , and sturgeon [22] . Functional analysis revealed that Igf1 can induce meiotic resumption in common carp [23] , mummichog [24] , and striped bass [25] , and can also induce oocyte maturation competence in white bass [26] . Igf2 mRNA and protein have also been studied in the ovary of tilapia [27] and seabream [28] . Igf2 can induce oocyte maturation in striped bass [29] , mummichog [24] , and zebrafish [30] . These results indicate the important role of the Igf system in fish ovarian functions. In view of the discovery of a gonad-specific Igf subtype (Igf3) in fish [31] , and the fact that Igf1 and Igf2 are ubiquitously expressed in most tissues, it is envisaged that Igf3 might play a more important role in fish reproduction.
Apart from its gonad-specific expression [31, 32] , a recent study also reported the presence of Igf3 in the zebrafish embryo [33] . The importance of this novel Igf in teleost reproduction and development warrants detailed study on its gene expression and regulation. In addition, it is not known how Igf3 exerts it action in the gonad. The elucidation of the physiological functions of Igf3 would lead to a fuller understanding of the role of the Igf system in fish reproduction.
The present study was aimed to study the temporal and spatial gene expression patterns of Igf3 on the mRNA and protein level in ovary. In addition, functional studies, including regulation of gene expression by gonadotropin and actions on oocyte maturation by this gene, were also investigated.
MATERIALS AND METHODS

Animals
Zebrafish (Danio rerio) were purchased locally. Fish were maintained under 14L:10D light cycles, in circulating freshwater aquaria at 26-288C. Fish were fed twice daily with newly hatched brine shrimp (Brine Shrimp Direct). Fish experiments were conducted in accordance with the regulations of the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong. The animals were anesthetized in tricaine before handling. 1 Supported by National Science Foundation of China/Hong Kong Research Grants Council Joint Research Scheme (no. N_CUHK424/08), and by Chinese University of Hong Kong direct grants and graduate studentships. Sequences for igf3, transcript variant 1, and igf3, transcript variant 2, have been deposited in the GenBank database with accession numbers HQ241070 and HQ241071, respectively. 
Cell Culture and Transient Transfection
The human embryonic kidney (HEK) 293 cell line (ATCC no. CRL-1573) and mouse spermatogonial cell line (GC-1; ATCC no. CRL-2053) were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/ml), and streptomycin (100 lg/ml) at 378C in a humidified atmosphere containing 5% CO 2 . The zebrafish liver cell line (ZFL; ATCC no. CRL-2643) was maintained at 288C with complete growth medium, as recommended by ATCC. Transient transfection was carried out using Lipofectamine transfection reagent (Invitrogen).
Rapid Amplification of cDNA Ends Analysis
Total RNAs from embryos of 48 h postfertilization (hpf) and adult ovary of zebrafish were prepared with the RNeasy Mini Kit (Qiagen), according to the manufacturer's instructions. All the RNAs were digested by Rnase-free DNase I and purified. SMART cDNAs were reversely transcribed from the RNAs using the SMART cDNA Synthesis Kit (Clontech). The 5 0 rapid amplification of cDNA ends (RACE) and 3 0 RACE were performed using specific primers (Table 1) , and the amplification products were cloned into the T/A cloning vector, pGEM-T Easy (Promega), for direct sequencing.
RNA Isolation and RT-PCR
Total RNA samples were isolated from the tissues, ovarian follicles, embryos, and fries of zebrafish using TRIzol Reagent (Invitrogen). The amount and purity of the RNA were determined by spectrophotometry. RT-PCR was performed as previously described [31] . All primers used in this study are listed in Table 1 . Annealing temperature for PCR ranges from 55 to 658C, depending on the primer set used. For real-time PCR, the standards for igf3 and glyceraldehyde-3-phosphate dehydrogenase (gapdh) were prepared by amplification of cDNA fragments with the specific primers ( Table 1 ). The amplicons were purified by the PCR Purification Kit (Qiagen) and cloned into pCR-4 vector. These plasmids were used to construct the standard curves in the realtime PCR assays. Real-time PCR was carried out on an ABI Real-Time PCR Fast System (ABI) using the SYBR Green PCR Master Mix Kit (ABI). For semiquantitative RT-PCR analysis, PCR was carried out on a Thermal Cycler 9600 (Eppendorf, Germany). The number of cycles used were: 32 for igf3; 35 for gdf9 (growth differentiation factor 9); 35 for lhcgr (luteinizing hormone/ choriogonadotropin receptor); and 28 for gapdh.
In Situ Hybridization
Intact ovaries from adult female zebrafish were carefully dissected and fixed in 4% buffered paraformaldehyde overnight at 48C, and then embedded in tissue-freezing medium (Leica) at À258C. The fixed tissues were cut on an 8-lm Leica CM 1850 microtome, and were mounted onto superfrost glass slides (Menzel). A cDNA fragment of igf3 was amplified by RT-PCR with specific primers (Table 1) and cloned into pGEM-T easy transcription vector (Promega). Sense and antisense igf3 riboprobes were synthesized from the pGEM-T easy transcription vector construct containing igf3, and were linearized with NdeI or NcoI endonuclease (NEB). The RNA probes were labeled using the DIG RNA Labeling Kit (Roche). Tissue sections were first prehybridized for 30 min, and then a total of 250 ll of hybridization buffer containing 150 ng of DIG-labeled sense or antisense igf3 riboprobe was added to each slide and incubated in a humidified box at 428C for 16 h. After hybridization, sections were washed twice in 23 saline-sodium citrate (SSC) (13 SSC ¼ 0.15 M NaCl and 15 mM sodium citrate) at room temperature for 15 min and then in 13 SSC and 0.13 SSC at 558C for 1 h sequentially. The hybridization signals were detected using anti-DIG conjugated with alkaline phosphatase and visualized with the nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate substrate solution (Roche). Finally, the sections were dehydrated through graded ethanol and xylene, then mounted and photographed.
Antibody Production, Western Blot Analysis, and Immunohistochemistry
Two peptides (EGARARCGRELVDD and RSGGPRSRGKGIVDQC) of zebrafish Igf3 were selected as antigens for the production of polyclonal antibodies (Abgent). The synthetic peptides were used to immunize New Zealand white rabbits for antibody production. For confirmation of antibody specificity, the zebrafish igf3 cDNA fragment corresponding to the prepropeptide was amplified by RT-PCR with specific primers (Table 1 ) and cloned into the pEGFP-N1 vector. For Western blot analysis, the cell or tissue lysates were first separated by 10% or 15% SDS-PAGE gels, or a 16% Tris-tricine SDS-PAGE gel. The separated proteins were transferred onto PVDF membranes and immunoblotted with the primary antibodies against Igf3. The protein bands were visualized by a Western blotting kit (Millipore) after incubation with secondary antibody conjugated with horseradish peroxidase. For immunohistochemistry, the following procedures were conducted at room temperature. Sections were postfixed for 10 min in 4% paraformaldehyde in PBS, washed twice in PBS, blocked for 60 min in 5% normal goat serum in PBS, and incubated with either the Igf3 antiserum or preimmune serum overnight at 48C. For diaminobenzidine tetrahydrochloride/hydrogen peroxide (DAB) staining, the sections were washed and probed with donkey anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (Amersham). After a 2-h incubation period, the sections were washed in PBS, color developed with DAB, dehydrated through graded ethanol and xylene, then mounted and photo- 
Expression, Purification, and Bioactivity Evaluation of Recombinant Igf3
The zebrafish igf3 cDNA fragment corresponding to the predicted mature peptide was amplified by RT-PCR with specific primers (Table 1) and cloned into the pProEX-HTb vector. One liter of recombinant Escherichia coli harboring this plasmid was grown in LB medium at 378C until the absorbance value reached 0.5-0.8 at 600 nm. Cells were collected 3 h after induction by IPTG, and the collected cells were resuspended in 13 PBS. After sonication, the total lysate was divided into the soluble and insoluble fractions by centrifugation. SDS-PAGE was carried out to check the expression of Igf3. The insoluble fraction was kept and dissolved in 13 PBS with 8 M urea. Recombinant Igf3 was affinity purified with Ni-NTA agarose (Qiagen). The purified protein was dissolved in 13 PBS with 8 M urea (pH 4.5) and concentrated in a concentrator (Millipore). The concentrated protein was dialyzed in tubing of a molecular weight cut-off of 3500 Da (Pierce) as follows: 13 PBS with 4 M urea at room temperature for 24 h; 13 PBS with 2 M urea at 48C for 24 h; 13 PBS with 1 M urea and 0.4 M L-arginine at 48C for 24 h; 13 PBS with 0.4 M L-arginine at 48C for 24 h. The refolded Igf3 was collected and concentrated. The concentration was determined by the BCA Protein Assay Kit (Pierce). The bioactivity of the recombinant protein was evaluated by the alamar blue assay on two cell lines. GC-1 cells and ZFL cells were seeded onto 96-well plates at a density of 1 3 10 3 and incubated for 24 h at 378C with 1% FBS. The cells were then incubated in FBS-free medium in the presence of the recombinant zebrafish Igf3. After 48 h of incubation, the medium was replaced with 10% alamar blue reagent (Biosource) and incubated for 1 h in the dark. The yielded color was measured on an automated fluorescent plate reader (TECAN) at an excitation wavelength of 485 nm and emission wavelength of 595 nm.
Preparation of Ovarian Fragments
After anesthetization and decapitation, the two ovaries from each fish (8-10 fish for each experiment) were carefully dissected out and placed in a dish containing 60% Leibovitz L-15 medium. Each ovary was halved in the middle, and each half was transferred into a well of a 12-well plate, where it was briefly dispersed into small fragments before drug treatment.
Isolation of Ovarian Follicles
The ovaries were dissected out from 15-20 female zebrafish after anesthetization and decapitation, and placed in a 100-mm culture dish containing 60% Leibovitz L-15 medium. The follicles of different stages were manually isolated and grouped according to the following stages: primary growth follicles (PG; stage I; below 0.1 mm diameter), previtellogenic (PV; stage II or cortical alveolus stage; about 0.30 mm diameter), early vitellogenic (EV; about 0.40 mm in diameter), midvitellogenic (MV; about 0.50 mm in diameter), and full grown but immature (FG; about 0.65 mm in diameter). This staging system that we have adopted is based on the original definition of Selman [34] , as modified by Ge [35] and Thomas [36] . The isolation process normally lasted for 4-6 h at room temperature before incubation and drug treatment at 288C for different periods of time.
Separation of the Follicular Cell Layer from the Follicles
It has recently been reported that cold-shock treatment of the follicles makes it easier to mechanically separate the two follicle compartments, viz. the denuded oocyte and the follicular cell layer [37] . In the present study, we pretreated FG follicles at low temperature (48C) for about 30 min. The follicular cell layer was then carefully peeled off from the follicle with fine forceps without damaging the oocyte inside. The isolated follicular cell layers and the denuded but intact oocytes from 5-10 follicles were pooled and subjected to RNA extraction with TRIzol Reagent separately. The denuded oocytes were also stained by propidium iodide (PI) to demonstrate complete removal of the follicular cell layer.
Follicle Incubations
Zebrafish were killed and ovaries excised as described above. Follicles of different stages were separated and incubated (30-40 follicles/well) in 24-well culture plates at 288C. After treatment, follicles that underwent germinal vesicle breakdown (GVBD) were identified by their ooplasmic clearing (due to proteolytic cleavage of vitellogenin) [38] . Each group had four replicate wells, and each experiment was repeated three times. Data were analyzed by one-way ANOVA, followed by the Student-Newman-Keuls post test using GraphPad Instat software (GraphPad Inc.).
RESULTS
Identification and Characterization of Two Spliced Forms of igf3 in Zebrafish
Using 5 0 RACE and 3 0 RACE, two alternative splicing events on the zebrafish igf3 gene were identified. The two transcripts, igf3, transcript variant 1 (igf3_tv1; National Center for Biotechnology Information (NCBI) GenBank database accession no. HQ241070) and igf3, transcript variant 2 (igf3_tv2; NCBI GenBank database accession no. HQ241071) are different from each other in their 5 0 untranslated region (UTR) and signal peptide regions (Fig.  1A) . By employing gene-specific primers designed from the cloned sequences, the expression patterns of the two igf3 splice variants in different adult zebrafish tissues, during early development and during larvae development, were studied ( Fig. 1, B-D) . Strong expression of igf3_tv1 was observed in adult ovary and testis (Fig. 1B) , and also during larvae development (Fig. 1D) . Interestingly, no expression of igf3_tv1 UTR of the two transcripts, respectively. Expression of igf3_tv1 and igf3_tv2 was studied by RT-PCR in different adult tissues (B), during early development (C), and during gonad development (D), using 18s ribosomal RNA or b-actin (actb) as internal control. hpf, hours postfertilization; dpf, days postfertilization.
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was detected in all the other adult tissues examined (Fig. 1B) . Some weak expression of igf3_tv1 was detected during early development (Fig. 1C) . In contrast, igf3_tv2 is only expressed during early development (Fig. 1C) . No expression of igf3_tv2 was detected after 6 d postfertilization (Fig. 1D) , nor in any adult tissues examined, including the gonads (Fig. 1B) . The differential expression of the two splice variants in the gonads is very conspicuous, with high expression of igf3_tv1, but no expression of igf3_tv2 at all (Fig. 1B) .
Expression of Igf3 mRNA and Protein in Adult Zebrafish Gonads
Two specific polyclonal peptide antibodies were developed against zebrafish Igf3, one of them (generated from the peptide EGARARCGRELVDD) can recognize the zebrafish Igf3 prepropeptide, and the other (generated from the peptide RSGGPRSRGKGIVDQC) can recognize the mature peptide. The specificity of the antibody that can recognize the zebrafish Igf3 prepropeptide was confirmed in as follows. Using Western blot analysis, a specific band at ;49 kDa, corresponding to the calculated molecular weight of the zebrafish Igf3 prepropeptide-GFP fusion protein, was observed in HEK293 cells transfected with pEGFP-N1-Igf3, while no immunoreactivity was observed in HEK293 cells transfected with the empty vector ( Fig. 2A) . The specificity of the other antibody that can recognize the mature peptide was confirmed in the bacterial system, where the expression of recombinant Igf3 mature peptide can be detected by this antibody (please see below, Expression, Purification, and Bioactivity Evaluation of Recombinant Zebrafish Igf3).
One specific band, at ;24 kDa, was observed in the ovary and testis by Western blotting using the zebrafish Igf3 antibody, which can recognize the prepropeptide. An intense band of Igf3 prepropeptide was found in the ovary, but the level in the testis is much lower, with no signal detected at all in the other tissues (Fig. 2B) . The expression of Igf3 mature peptide can be detected in the ovary only (Fig. 2C) . The expression of igf3 mRNA level in adult ovary and testis using real-time PCR was also investigated. The results show that the expression of igf3 in the ovary is much higher than that in the testis (Fig. 2D) .
Expression of igf3 in Zebrafish Ovarian Follicles
Both real-time PCR and semiquantitative RT-PCR were performed to assess the relative levels of igf3 expression in the ovarian follicles of different stages from PG to FG. Follicles of different stages from zebrafish were separated (Fig. 3A) . A significant, gradual increase in igf3 expression was observed during follicle development. Although it could be detected in all stages by RT-PCR (Fig. 3B) , the level of igf3 mRNA was low in follicles of the early stages. The level increases in the MV stage, and reaches its highest in the FG stage (Fig. 3C) . Consistent with this result, in situ hybridization also showed that the follicles at the FG stage exhibited the strongest staining, and the signal was weak at the early stages (Fig. 3D) .
Immunohistochemistry was also performed to detect the protein expression in the zebrafish ovary. The expression in follicles of different stages was visualized by both fluorescence and DAB staining. Strong immunoreactivity was observed in the follicular cell layers surrounding the oocytes after the EV stage (Fig. 4, A and B) . Using DAPI staining, the signal was found in both the thecal and granulosal cells of the FG stage (Fig. 4A) . Weak cytoplasmic immunoreactivity was also observed in the oocytes. No signal was detected in control sections incubated with the preimmune serum (data not shown).
The expression of igf3 mRNA in ovarian follicles was further examined using semiquantitative RT-PCR. This was done by separating the somatic follicular cell layer from the full-grown follicles and analyzing the expression of igf3 in the two compartments. Clean separation was confirmed by PI staining of the denuded oocytes, revealing the absence of the follicular cells (Fig. 5A) . Furthermore, two marker genes, viz. gdf9 and lhcgr, were used as controls, the former being oocyte IGF3 IN ZEBRAFISH OVARY specific, and the latter being follicular cell specific [37] . Different from the lhcgr and gdf9, igf3 was expressed in both the oocyte and the follicular cell layer (Fig. 5C) . The real-time PCR results show that the expression of igf3 in the follicular cell layer is higher than in the oocyte (Fig. 5B) .
Gonadotropin Regulates Expression of igf3 in Zebrafish Ovary via a cAMP-Dependent Pathway
As demonstrated above, zebrafish igf3 mRNA expression exhibits a significant trend of increasing during follicle development, with the highest level detected in the FG stage. This suggests the potential roles of endocrine agents, particularly gonadotropins from the pituitary, in regulating igf3 expression, especially in view of the fact that luteinizing hormone receptor shows sequential and progressive increases during zebrafish follicle growth [39] .
Two approaches were adopted to address this issue, one using ovarian fragments, and the other using isolated follicles. When tested on zebrafish ovarian fragments, hCG increased igf3 expression in a time-dependent manner, with the maximal effect reached after 2 h of treatment (Fig. 6A) . In addition, treatment of zebrafish ovarian fragments or follicles of FG stage with different concentrations of hCG for 2 h consistently increased the expression of igf3 in a dose-dependent manner (Fig. 6, B and C) . Interestingly, the effect of hCG was dependent on the stage of follicles used. When tested on follicles of different stages, hCG caused a significant increase of igf3 expression in the FG follicles, but with little effects on the follicles of EV stage (Fig. 6D) .
Since cAMP is the major second messenger involved in gonadotropin signaling [40, 41] , we also studied the effect of increasing intracellular cAMP level on the expression of zebrafish igf3. Both the membrane diffusible cAMP analog (8-Br-cAMP) and the phosphodiesterase inhibitor, IBMX (which can increase intracellular cAMP level), were used in the experiments. Treatment of zebrafish FG-stage follicles with both agents for 2 h significantly increased the expression of Stage dependence of hCG action (10 IU/ml, 2 h incubation) on igf3 expression in zebrafish follicles of different stages. Each value represents the mean 6 SEM of three independent experiments each performed in quadruplicate (*P , 0.05; **P , 0.01; ***P , 0.001 vs. control).
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igf3, with the maximal effect observed at 1 lM 8-Br-cAMP and 0.5 mM IBMX. Desensitization of the activation was observed at higher concentrations of the drugs used, as was previously reported in a similar system [42, 43] (Fig. 7, A and  B) .
Expression, Purification, and Bioactivity Evaluation of Recombinant Zebrafish Igf3
In order to analyze the biological function of Igf3, recombinant zebrafish Igf3 was prepared from a bacterial system. The mature zebrafish Igf3 peptide HIS tag fusion protein was expressed in E. coli (Fig. 8A) . Results of Western blot analyses using the antibody that can recognize the zebrafish Igf3 mature peptide, and an anti-HIS antibody (Santa Cruz), both confirmed the expression of the recombinant protein (Fig. 8B) . After purification, the purified recombinant protein was analyzed by SDS-PAGE with Coomassie blue staining (Fig. 8C) . Since the Igf signaling pathway has been demonstrated to enhance cell proliferation, the biological activity of this recombinant protein was evaluated on GC-1 cells and ZFL cells using the alamar blue assay. The recombinant zebrafish Igf3 was demonstrated to stimulate the proliferation of both cell lines in a dose-dependent manner (Fig. 8, D and E) .
FIG. 7. Regulation of igf3 expression in the full-grown zebrafish follicles by cAMP.
A) Dose-response of 8-Br-cAMP action (2 h incubation) on igf3 expression in zebrafish FG follicles. B) Dose-response of IBMX action (2 h incubation) on igf3 expression in zebrafish FG follicles. Each value represents the mean 6 SEM of three independent experiments, each performed in quadruplicate (**P , 0.01; ***P , 0.001 vs. control) .   FIG. 8 . Purification, characterization, and bioactivity evaluation of recombinant zebrafish Igf3 protein. A) Igf3 protein was expressed in E. coli and analyzed by SDS-PAGE, followed by Coomassie blue staining. A strong band can be seen in the IPTGinduced group. B) Western blot results with both the antibody that recognizes Igf3 mature peptide and an anti-His antibody. A specific band can be detected using both antibodies. C) The purified Igf3 protein was analyzed by SDS-PAGE followed by Coomassie blue staining. A specific band can be detected. D and E) Bioactivity of the recombinant Igf3 was evaluated on cultured GC-1 (D) and ZFL (E) cells. Both cell lines were treated with different concentrations of recombinant Igf3 for 48 h. Cell proliferation was then assessed using the alamar blue assay. Each value represents the mean 6 SEM of three independent experiments, each performed in quintuplicate (*P , 0.05; **P , 0.01; ***P , 0.001 vs. control).
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Effects of Igf3 on Zebrafish Oocyte Maturation
To assess the effect of Igf3 on oocyte maturation, the fullgrown zebrafish follicles were incubated in the absence or presence of the recombinant zebrafish Igf3 at different concentrations, and GVBD of the oocytes was scored after different times of treatment. The recombinant zebrafish Igf3 could significantly enhance zebrafish oocyte maturation in clearly dose-and time-dependent manners (Fig. 9A) . Some proportion of the early-stage follicles, including MV (0.48-0.56 mm in diameter) and EV (0.38-0.47 mm in diameter) follicles, also underwent maturation after treatment with the recombinant Igf3 (Fig. 9B) .
Cycloheximide, but Not Actinomycin D, Blocks the Action of Igf3 on Oocyte Maturation
To understand whether the action of Igf3 in inducing zebrafish oocyte maturation involves transcriptional and translational events, we performed experiments to examine the effects of actinomycin D (an inhibitor of transcription) and of cycloheximide (an inhibitor of translation) on Igf3-induced oocyte maturation. The results show that the effect of Igf3 on oocyte maturation after a 4-h incubation was dramatically suppressed by cycloheximide in a dose-dependent manner (Fig.  10A) . However, actinomycin D did not cause any significant reduction in the effect of Igf3 on oocyte maturation at different doses (Fig. 10B) .
DISCUSSION
The presence of multiple spliced forms of Igfs, including Igf3, in zebrafish has been reported [33] . In this study, the two igf3 transcripts in zebrafish were characterized. These two transcripts-namely, igf3_tv1 and igf3_tv2-have different 5 0 UTRs and translation initiation sites, but produce the same mature peptide. In addition, we have provided evidence showing that the two igf3 transcript variants have distinct temporal expression patterns in zebrafish. During early development, igf3_tv2 is highly expressed after the pre-midblastula transition. This is in sharp contrast to the expression of igf3_tv1, which is low throughout embryogenesis. In adult zebrafish, igf3_tv1 is exclusively expressed in the gonads only, while igf3_tv2 cannot be detected in any adult zebrafish tissues examined. The different expression patterns of the two igf3 transcripts in zebrafish suggest that igf3_tv1 functions exclusively in the adult gonads, while igf3_tv2 functions mainly during early development. It is highly likely that these two igf3 transcripts possess different promoters, which are subject to the regulation of the different transcription factors prevalent at different developmental stages of zebrafish, as well as in the different adult tissues. Further studies on the   FIG. 9 . Action of recombinant Igf3 on zebrafish oocyte maturation. A) Time-and dose-dependent actions of recombinant zebrafish Igf3 on oocyte maturation. B) Stage-dependent responsiveness of zebrafish oocytes to recombinant Igf3 (2 lM). GVBD was scored after treatment. Each value represents the mean 6 SEM of three independent experiments, each performed in quadruplicate (*P , 0.05; **P , 0.01; ***P , 0.001 vs. control).
FIG. 10. Effect of cycloheximide (CH) and atinomycin D (AD) on
Igf3-induced zebrafish oocyte maturation. A) Dose-dependent inhibition of Igf3-induced zebrafish oocyte maturation by CH. B) The lack of action of AD on Igf3-induced oocyte maturation. Full-grown follicles were treated with recombinant Igf3 (2 lM) in the absence or presence of AD or CH, and GVBD was scored after treatment. Each value represents the mean 6 SEM of three independent experiments, each performed in quadruplicate (***P , 0.001 vs. control).
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differential regulation of expression of these two transcripts of igf3 are indeed warranted.
Both Igf3 prepropeptide and mRNA are significantly higher in the ovary than in the testis. Furthermore, the Igf3 mature peptide can only be detected in the ovary of adult zebrafish. These results indicate that the major biological action of Igf3 is the regulation of ovarian functions.
To provide clues as to the functional roles of igf3 in the ovary of zebrafish, we analyzed its temporal expression pattern in follicles of different stages using real-time PCR. Interestingly, the expression of igf3 in the follicles was found to increase progressively during the development of the follicles, with the highest level detected at the FG stage. This result was also confirmed by in situ hybridization, with the strongest signal detected in follicles of the FG stage. This expression profile is very different from that of igf1 and igf2 in zebrafish ovary, where igf1 expression was found to increase from PG to EV stage, but to decrease at the FG stage, while the expression of igf2 was maintained at a constant level during folliculogenesis [44] . The different expression patterns of the igfs indicate their different roles in ovarian functions. The expression profile of igf3 is similar to that of the luteinizing hormone receptor, which also exhibits progressive increases during follicle growth in zebrafish [39] . The increasing trend of igf3 expression during follicle growth suggests its potential roles in vitellogenic growth, and its high expression at the FG stage indicates the possible role of igf3 on oocyte maturation.
Using immunohistochemistry and RT-PCR, the Igf3 protein and mRNA is mainly found in the follicular cell layer. These results are consistent with our previous study in tilapia, indicating that the expression of igf3 mRNA is also confined to the follicular cell layer [31] .
The increasing expression of igf3 during zebrafish follicle development, and the high expression of Igf3 in the somatic follicular cell layer, has prompted us to speculate that this growth factor is subject to endocrine regulation. Gonadotropin is the major regulator of ovarian development and functions in many organisms. Evidence also shows that the actions of gonadotropin are mediated or modulated by the intraovarian paracrine/autocrine growth factors [40, 41] . Consistent with the report from a recent study that expression of igf3 can be upregulated by hCG [45] , results from the present study show that igf3 in the zebrafish ovary is strongly stimulated by hCG treatment. This has been demonstrated in the present study, not only on the ovarian fragments in time-and dose-dependent manners, but also on the isolated follicles as well, in dose-and stage-dependent manners. The action of hCG on the follicles is particularly prominent on follicles of the FG stage. Gonadotropin is known to regulate target gene expression, primarily via activation of the cAMP-PKA pathway [46] . Our results show that both 8-Br-cAMP and IBMX could mimic the effects of hCG on follicles of the FG stage, suggesting that cAMP is likely a second messenger involved in the action of hCG on the follicles in stimulating igf3 expression. A putative cAMP response element can actually be found on the promoter of the igf3 gene in zebrafish. All these results suggest that Igf3 in zebrafish follicles serves as a downstream factor of gonadotropin to transmit its action from one cell layer to another in a paracrine manner. The regulation of expression of igf3 in relation to the functional characterization of its promoter warrants further studies.
In the present study, we have demonstrated, for the first time, that Igf3 exerts a potent action in stimulating oocyte maturation in zebrafish. Bioactive recombinant zebrafish Igf3 was expressed and prepared successfully from a bacterial system. Treatment of zebrafish follicles with the recombinant Igf3 significantly induced oocyte maturation in time-and dosedependent manners. Interestingly, the early-stage follicles, including EV and MV, also exhibited response to Igf3 treatment. It should be noted that, in these stages, the follicles exhibit poor response to hCG or to 17a, 20b-dihydroxyprogesterone alone to undergo oocyte maturation [47] . We have also made some attempts to address whether Igf3 exerts its action on the follicular cell layer or on the oocyte. However, it was found that most of the oocytes underwent GVBD spontaneously in the absence of any hormones or growth factors after removal of the follicular cell layer. A recent paper also reported the same phenomenon, in that about 75% of the full-grown denuded oocytes in zebrafish underwent GVBD after removing the follicular cells, without any additional hormones or growth factors [36] . It was also demonstrated in that study that estrogen in the follicular cells could partially inhibit this oocyte maturation process through GPER. On the other hand, it has been reported previously that oocyte maturation could be stimulated by Igf1 in denuded oocytes of Cyprinus carpio [48] , suggesting the direct action of Igf1 on the oocyte. It is therefore possible that Igf3 might also exert its action on the oocyte directly. A definitive proof or disproof of this point awaits solving the technical problem of preventing spontaneous GVBD of denuded oocytes in zebrafish. Furthermore, the action of Igf3 could be suppressed by cycloheximide, but not by actinomycin D, suggesting that Igf3 acts through regulating protein synthesis during oocyte maturation. There are several reports demonstrating that Igf1 and Igf2 could induce oocyte maturation in several fish species, including zebrafish [24, 25, 30, 49] , but all these studies have employed recombinant human Igf1 or Igf2. This is far from ideal, not only because of the heterologous nature of the mammalian growth factors used, but also because of the fact that Igf1 and Igf2 are not specific to the fish ovary. The gonad-specific expression patterns of Igf3 and the regulation of igf3 expression by gondatropin in the zebrafish ovary strongly support the important functional role of Igf3 on the ovary, especially in oocyte maturation.
Although the mechanisms underlying the action of Igf3 on oocyte maturation are unclear, we speculate that Igf3 might exert its effect by activating the phosphoinositide 3 (PI3) kinase signal transduction cascade to promote oocyte maturation. It has been shown that, in many species, such as in star fish [50] , Xenopus [51] , and pig [52] , activation of PI3 kinase is sufficient to induce oocyte maturation. In fish, Weber and Sullivan [53] reported the involvement of PI3 kinase in mediating Igf1 signaling during oocyte maturation in striped bass. More recent studies have also indicated that PI3 kinase is an initial component of the signal transduction pathway that precedes maturation-promoting factor activation during Igf1-induced oocyte maturation in C. carpio [53] . So far, there is no information on the cognate receptor for Igf3. However, the structure of Igf3 is similar to other Igfs, despite the low level of sequence homology among them [31] . Zou et al. [33] have shown that Igf3 can trigger the Akt pathway, which is a major downstream effector of the Igf1 receptor in mammals and zebrafish. We also provide evidence in this study that Igf3 can activate cell proliferation. It is therefore possible that Igf3 exerts its effects through the Igf type 1 receptor (Igf1r) to trigger the downstream pathways, such as PI3 kinase signaling, in zebrafish ovary. Moreover, the expression of Igf1r in the ovary has been demonstrated in several fish species, including zebrafish [45] . The ovarian igf1r mRNA increased at the onset of vitellogenesis in female sterlet [54] . The Igf1r was found in the granulosa and theca cells of gilthead seabream and coho salmon [55, 56] . In zebrafish, two types of igf1rs have been 484 identified [57] , and are found to be expressed in both the follicular cells and oocyte [45] . Our preliminary results showed that Igf3 in the follicles can rapidly activate the phosphorylation of p42/44 MAPK, which is the major downstream factor of PI3 kinase (data not shown). The mechanisms of Igf3 actions on oocyte maturation are currently under investigation.
In summary, the present study has identified two spliced forms of igf3 in zebrafish, one exclusively expressed in adult gonads, and the other expressed during early development. The protein level of Igf3 in the adult zebrafish ovary is significantly higher than that in the testis, suggesting the major role of this growth factor on ovarian functions. In the zebrafish ovary, the expression of igf3 is stage dependent, and the highest level is seen in the FG stage follicles. The Igf3 protein is mainly detected in the follicular cell layer of the follicles. The expression of igf3 in the zebrafish ovary was strongly stimulated by gonadotropin and cAMP. Recombinant Igf3 could enhance oocyte maturation in follicles of EV, MV, and FG stages. All this evidence strongly supports a functional role of Igf3 in the ovary of zebrafish by acting as a downstream mediator of gonadotropin action in the ovary.
